The quantum theory of damping developed by two of us (Heitler and Peng) 
I. INTRODUCTION '" "NTIL recently it has not been possible to apply Yukawa's meson theory of the nuclear forces to cosmic-ray mesons and thus to establish the identity of the particles predicted by Yukawa with the cosmic-ray mesons. The reason for this deep-rooted difhculty is the following: The interaction between a meson and a nuclear particle is, in contrast to the electronlight interaction, a strong one, and becomes increasingly stronger at high energies. This makes a proper treatment of the reaction forces exerted by the meson field on the nuclear particles imperative. However, as is well known, a treatment of the radiation reaction is intimately connected with the divergence difficulties occurring in every quantized field theory. To remove this difhculty two distinctly different sets of ideas have been put forward recently. Their difference can best be understood by remembering Lorentz's expansion of the reaction force which a light wave emitted by an electron exerts on the electron. This reaction force can be expanded according to powers of the electronic radius r: The first term is proportional to the acceleration and to r ' thus diverging for a point particle. This term is usually thought to be included iri the inertia of the particle. The second term, the usual damping term, is independent of r and proportional to the time derivative of the acceleration. Higher terms are proportional to posi tive powers of r and are, as a rule, neglected. In the meson case it is the charge-and-spin degrees of freedom of the nuclear particle which are coupled strongly with the meson field. Ke expect, therefore, that the reaction force will produce a twofold effect: (i) a large inertia to be attributed to these degrees of freedom, (ii) a large damping. In the first set of theories' mentioned above attention is concentrated on the first effect. It is clear that in order to make the inertia term finite, a finite particle radius has to be introduced which makes a relativistic treatment of the nuclear particle so far impossible. In the second kind of theory no physical reality is attributed to the first term of the reaction force at all. The particle is strictly considered as a point particle. By suitable subtraction the diverging inertia term of the reaction force is made to vanish (and so are the other diverging integrals occurring in the theory). The only finite part of the reaction force is then the damping term. the results of which are the basis of the present work (referred to as II aud III, respectively).
They are summarized as far as they are needed in Section II. The aim of this paper is to show that the theory gives a satisfactory account -as far as we can see -of all the chief cosmic-ray phenomena connected with mesons, including their creation, their diffusion through the atmosphere, meson showers, and the transformation into neutrettos. The most remarkable feature of (5) For the interpretation of cosmic rays it will be of particular importance that charged mesons cannot be transformed into neutrettos in a collision with a nuclear particle, except at very small energies («1/f) (cf. Section VII).
Another remarkable fact is that the energy dependence changes from a 1/«' to a 1/« law for e)35/. This fact will be fundamental for our understanding of cosmic rays.
Multiplying (5) by (3) we obtain the cross section for the production of a meson of given energy and polarization. If e&2lf it is seen from (5a) that the pseudoscalar and the transverse parts of the equivalent spectrum combine to produce either transverse or pseudoscalar mesons. Thus the cross sections for the production of a meson with energy e become only pseudoscalar mesons and the transverse part only transverse mesons. Thus
In (6c, d)» is not the energy of the meson produced but the energy lost by the moving proton, i.e. , the energy of the meson produced plus the recoil energy of the nuclear particle originally at rest. The probability for the meson to take up an energy e' leaving the energy e -e' to the recoil particle is simply d» /». This is true if, as in fact is the case, the angular distribution of scattering is uniform in a Lorentz system where the meson and nuclear particle are colliding with opposite and equal momenta; thus the cross section for producing a meson of energy e' is in the extreme relativistic case:
The energy distribution remains the same but the number of mesons is only -', or -', of what it woulcl be if all the energy would be taken up by the meson. The rest of the energy is taken up by the recoil particles. Their energy distribution is also given by (6c, d) and their number is (6c, d) multiplied by~and 3, respectively. These recoil particles are further capable of producing mesons and recoil particles. The process repeats itself until the energy has degenerated to a sufficiently low value to make further meson production impossible. The process very much resembles the cascade multiplication of electrons but is not so pronounced because the energy distribution (6) favors low energies more strongly than in the case of the bremsstrahlung emitted by a fast electron. Thus the energy degenerates more quickly than in the electromagnetic case. A detailed treatment of this cascade process lies outside the scope of this paper which is only intended to give a first orientation. We can take account of it in a crude way by using (6c, d) instead of (6'c, d) also for the number of mesons produced. By doing so we represent the energy loss of the primary proton correctly. Also the total energy content of the charged mesons is correct because the energy given by the recoil particles to neutrettos is compensated by the energy of those charged mesons which are produced by the recoil particles from neutrettos. Using (6c, d), we overrate the number of fast mesons by a factor 2 or 2, respectively, but we also underrate the number of slower mesons. Thus the error committed by using (6c, d) is a slight distortion of the energy spectrum in favor of high energies, whilst the total number of mesons will be somewhat bigger than what we obtain in this way.
We multiply (6) by the number of nuclear particles contained in a cylinder of unit length, measured in our x units, and with cross section equal to our unit cross section. For water or air this figure is 1.18, but is not very different for other materials (for Pb it is about 1.3).
We then obtain the number of mesons with energy e produced by a proton in traveling the distance dx (using (2) and (4)):
For neutrettos the above figures are to be halved.
All these formulae are only valid for»)1/f=3
From (7) it is seen immediately that a very fast proton produces more mesons with energy between 1/f and M than with») M, but far the greater part of the energy is contained in the fast mesons.
The mesons with e&M are all emitted in the forward direction, within a very small angle. This is not so for the mesons with e(M. The latter play a not very important role, except in 
where "li" is the integral-logarithm. For practical purposes lhx can well be replaced by x/log x (this is exact for large x). For xeo,~we thus find for the range the values given in Table I .
In our units the thickness of the atmosphere is 22T hus a proton needs an energy of more than 7000,
i.e. , 7 &(10"ev in order to penetrate through the whole atmosphere and still retain an energy 3f. Since the primary protons have an extremely short range the majority of the mesons is produced in a thin top layer of the atmosphere. The transverse mesons are expected to decay almost at once, and only the pseudoscalar mesons will travel through the atmosphere. Their absorption is due to two factors: (i) energy loss by ionization (ii) P-decay. The latter depends upon the distance the meson travels but not on the amount of matter traversed. We assume for simplicity that the density of the atmosphere at a depth x below the top is proportional to x. The probability of a meson at a depth x and with energy e decaying while traveling the distance dx is there- Thus f(«, x) becomes:
In (16) For x &1 the contribution of (16b) has only been estimated but here (16a) is much more important than (16b).
From (18) the asymptotic laws can immediately be read off:
(i) Tail end of the energy spectrum Consider. e))x which for the lower part of the atmosphere also implies e)&b = 13.
Since n = 2.2 the energy spectrum falls off a little less rapidly (because of the logarithmic term) than e -"
(ii) Great depths. For underground measurements in dense materials the decay constant b should be put equal to zero. f(«, x) is then a function of e+x only. Integrating over e we find for the total number of mesons:
-(log 0.3x) '. (20) 1/f Thus the total intensity decreases like x again apart from a logarithmic modification, and it is in this way that a=2.2 was determined.
In Fig. 1 The high energy tail end of the spectrum, i.e. , the decrease of f(e, x)~~" (modified by the logarithmic term) has already been adequately discussed by Euler and Heisenberg" and was found to agree with the measurements. In order to see how the energy spectrum varies with height we have also plotted the theoretical spectrum for x=15 (50 cm Hg). Slow mesons become relatively more predominant.
In Fig. 2 We have worked out the integrals numerically.
Here the change of n at E=100 is important.
Integrating over e we find the latitude effect for the total number of mesons:
The results are given in Table II In addition to pseudoscalar mesons the primary protons produce a large number of transverse mesons which we assume to decay at once.
If the mesons have energy e))1 -which is nearly always the case -the decay electrons are emitted in the forward direction and take up with equal probability, any amount of energy between 0 and e. Thus a large number of slow and fast electrons are produced. The fast ones multiply by cascade multiplication and it will be seen that a satis- In addition to the electrons produced by the decay of transverse mesons there are also electrons produced by the decaying pseudoscalar mesons. Their number is smaller but not negligible compared with the number of electrons due to transverse mesons. We easily 6nd:
where f(e, $) is the energy spectrum of pseudoscalar mesons as calculated in Section III. The result is for instance the following for @=2 and for one primary proton: Z~"= 1.5, Z» = 0.6, Z~, 1Z» = 2.1.Thus one primary proton produces in the average altogether about 2 electrons at the Regencr-maximum, roughly -', of which are due to pseudoscalar and 3 to transverse mesons. This is in very good agreement with the experiments. In Fig. 3 we have plotted the intensities of all the cosmic-ray components for the top part of the atmosphere (normalized for 100 incident protons). The agreement with the Regener-Hotzer-curve for the total intensity is as good as can bc expected. The position of the maximum is, however, slightly shifted towards greater heights, than is found experimentally. In the high atmosphere, however, low energy particles are predominant. Indeed, as it appears from the calculations of this section, most of the electrons in the high atmosphere originate from mesons with energy less or not much greater than iV. These mesons are bound to be emitted in all directions with only a slight favoring of forward directions. Even for the more energetic partides the predominance of forward directions will be impaired to some extent by the many processes which have to take place to produce the soft 
VI. PROTONS, NEUTRONS, MESON-SHOWERS
The primary protons entering the atmosphere are very quickly slowed down to energy 10. Since their energy loss is mainly due to producing charged mesons we must expect that half of these "protons" have in fact become neutrons after having travelled only a very small 'distance. In Fig. 3 we have plotted the number of these protons or neutrons with energy & M as a function of depth for the primary energy spectrum (13), the number simply being given by the relation (14). It is seen that their intensity decreases very rapidly. For a discussion of the experiments, however, we would rather like to know the number of protons (not neutrons) with all energies, including A&M. This number can only be guessed at present, since we do not know at what rate protons lose their energy once B is less than 3L All we can say is that the .number of protons drops very quickly to half the initial value (the other half have become neutrons). We might estimate that the energy loss of a proton becomes say 10 times smaller as 2 becomes less than M (cf. Section II) -a figure which can only be a very crude guess. The intensity curve thus obtained is dotted in Fig. 3 . In addition to these slow particles we must expect, in any part of the lower atmosphere, a very small number of very energetic protons and neutrons, namely, the primaries themselves which have sufhcient energy to travel such large distances. Let us estimate their number, at sea level. The energy necessary to penetrate through the atmosphere is at least 7&(10" ev. The primary energy spectrum (13) is valid for Z up to 1000 (10" ev). For higher energies we know from the measurements at great depths that n increases with increasing energy. Thus for the energies in question we may assume n=3, for B)1000, say.
The number of primary protons at sea level is then given by A'x ', x =22 where A' is determined by A [Eq. (13) j and the condition that the spectrum is continuous at A=1000, thus A'=23 if A, 8, A' are normalized for 100 incident protons. Thus we find 1/500 energetic protons or neutrons at sea level for 100 primary protons at the top of the atmosphere.
This figure may in fact be still too large, for the following reason: As was mentioned in Section II, our formula for the energy loss of a fast proton is no longer valid for energies &5)(10"ev, because then other modes of energy Janossy found that the number of protons or neutrons at sea level is about 1/12, 000 of the total number of cosmic-ray particles at sea level.
Putting the latter value to be about 6 (for 100 incident protons) the experiments would give the number of these energetic protons and neutrons as 1/2000 which may be considered to be in reasonable agreement with our theoretical estimate 1/500.
When these energetic particles travel through matter they will produce a number of mesons in succession thus producing a meson-shower.
Showers consisting of penetrating particles have been observed by several authors. " The most extensive measurements are due to Janossy: A radiation whose intensity was found to be 1/12, 000th of the total cosmic-ray intensity at sea level was found to produce showers consisting of penetrating particles which are certainly mesons with energy e )10. The transition curve of these showers in lead reaches saturation at about 5 cm Pb (about 1 x unit). About a third of the primary radiation producing these showers consists of neutral particles. Janossy found, however, that for showers produced by the neutral primaries saturation is only reached after 10 cm of Pb. Each shower consists of an average number of 2 -6 recorded penetrating particles. The actual number of particles in each shower may be larger.
We can only give a very preliminary discussion of these experiments. The most obvious explanation is that the very energetic protons and neutrons expected from our theory are responsible "The limit of validity for the energy loss formula is higher than that for the scattering cross section because the former is an integral of the latter. Wataghin, de Souza Santos, and Pompeia, Phys. Rev. 5/, 61 and 339 (1940) . Janossy, Proc. Roy. Soc. 1'F9, 361 (1942) ; Janossy, McCusker, and Rochester, Nature 148, 660 (1941) .
for these showers. There should be about equal numbers of protons and neutrons. Janossy found about a third to be neutral particles. Let B))M be the average energy of the protons and neutrons and' xE,~their range as given in Table I (i.e., the distance travelled until the energy is M).
The number of mesons with energy )10 produced is then according to (7) Thus the total number of mesons produced is for various energies Bo (from Table I ) given by Table IV shows that the size of the showers increases very much and even large showers are quite possible.
On the other hand it is difficult to understand why neutrons should give rise to showers with a larger saturation thickness, than that for showers produced by protons. The processes considered in this paper lead to no explanation of this asymmetry.
There are, however, a number of points, omitted so far in the present theory, which will have to be considered before a final discussion of the penetrating showers can be given: " Rassetti, Phys. Rev. 60, 198 (1941 the method of adiabatic demagnetization is the determination of the thermodynamic temperature. Until recently, it has been the general practice of experimenters to set up a "magnetic" temperature scale based on the validity of Curie's law. Deviations from this law, however, will be
